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internal model; limb kinetics; ground reaction force; split-belt adaptation; locomotion THE HUMAN BRAIN HAS DEVELOPED an exceptional ability to adapt and to learn novel motor tasks. It has been suggested that this ability was achieved by creating internal models of the environmental dynamics (Emken and Reinkensmeyer 2005; Kawato 1999; Thoroughman and Shadmehr 2000; Wolpert et al. 1995) , internal models that facilitate the generation of motor commands and are updated according to the motor errors caused by unexpected environment perturbation. Extensive studies have examined the adaptation to different novel motor tasks such as reaching movements in force field perturbation (Donchin et al. 2003; Scheidt et al. 2000; Shadmehr and Mussa-Ivaldi 1994; Smith et al. 2006) , reaching with visuomotor rotation (Krakauer et al. 2000; Mazzoni and Krakauer 2006; Peled and Karniel 2012) , grasping movements with load perturbation (Flanagan and Rao 1995; Flanagan and Wing 1997; Mawase and Karniel 2010) , and locomotor adaptation to a split-belt treadmill (Reisman et al. 2005 (Reisman et al. , 2007 . Similar phenomena of adaptation and aftereffect have been shown in several previous studies of human locomotion. Investigations examined the process of motor adaptation to external force field perturbations during walking by manipulation of the mechanical properties of the limbs that involved adding and removing external load (Noble and Prentice 2006) , by applying elastic resistance to the limbs during walking (Blanchette et al. 2012; Fortin et al. 2009) , and by using a novel exoskeleton robot attached to the legs (Gordon and Ferris 2007; Kao and Ferris 2009) . All of these studies found evidence for the presence of motor aftereffects during the postadaptation period when analyzing the muscle activation pattern, angular moments, as well as many kinematic data.
In our everyday activities we have adapted our walking pattern for different changes in the environment (Choi et al. 2009 ). To study how the limb kinematics changes during split-belt locomotion, which limb parameters change immediately with feedback control, and which limb parameters are stored and show aftereffect with feedforward control, Reisman et al. (2005) examined the adaptation of the interlimb and intralimb spatial and temporal parameters during adaptation to split-belt locomotion. The split-belt treadmill allows control of each belt speed independently and perturbation of the locomotion pattern. They found that subjects immediately changed intralimb spatial and temporal parameters (stride length and single-support time) as a reaction to the split-belt perturbations. However, interlimb spatial and temporal parameters (step length and double-support time) changed slowly and showed clear aftereffects in early postadaptation. These novel and interesting results paved the way to many recent studies aimed at understanding the brain functionality of the lower limb kinematic behavior during interaction with split-belt speed perturbations in unimpaired subjects (Tesio and Rota 2008; Vasudevan and Bastian 2010; Yang et al. 2005) as well as in cerebellar and cerebral patients (Choi et al. 2009; Morton and Bastian 2006; Reisman et al. 2007 ). However, the limb kinetic behavior during such adaptation was not measured and analyzed in the previous studies.
Knowledge about limb kinetic and kinematic changes (i.e., errors) is essential for understanding the neural control of movement. Although both types of error appear during motor adaptation, they might affect the control of the limbs differently. In the motor control literature, there are various observations concerning motor behavior and neural control of kinetics-and kinematics-driven adaptation. On one hand, Kao et al. (2010) proposed that the motor system minimizing the kinetic error (e.g., joint moments) during locomotor adaptation to a robotic exoskeleton, suggesting that kinetic error drives motor adaptation. On the other hand, Reisman et al. (2005) proposed that kinematic error drives locomotor adaptation by minimizing the step symmetry during walking on a split-belt treadmill. Furthermore, recent neuroimage and brain stimulation studies have emphasized this point of interesting dispute. Chib et al. (2009) used transcranial magnetic stimulation (TMS) to study the involvement of parietal regions of the cerebral cortex in force and position control. They found that control of hand movements and contact forces while manipulating objects is performed by an independent neural control process. However, Diedrichsen et al. (2005) used fMRI technique and suggested that kinematic and dynamic errors during reach movements are performed in one anatomically overlapped cerebellum area. To conclude, although it is certain that kinematic (e.g., step length, double-support time, etc.) and kinetic [e.g., ground reaction forces (GRFs), center of pressure (COP), etc.] parameters are correlated during locomotor adaptation, it remains to be determined whether the motor system controls these parameters by shared adaptive process or alternatively by separate processes. To this end, we tested how kinetic parameters (GRFs and COPs) change during adaptation to a split-belt force treadmill and whether these parameters adapt in a similar or different way as kinematic parameters as previously shown (Reisman et al. 2005) . Finally, we discuss the implications of these results for our understanding of locomotion neural control.
MATERIALS AND METHODS

Subjects.
Ten healthy subjects [6 men, 4 women, mean age 25.8 Ϯ 3.4 (SD) yr] without a neurological history and without known disturbances in walking participated in this study. The dominant leg of all subjects was the right leg. Leg dominance was determined by asking each subject about the leg he/she uses to kick a ball. All subjects signed the informed consent form as stipulated by the Institutional Helsinki Committee, which reviewed and approved all protocols.
Setup and experimental protocol. Subjects were instructed to walk on a custom split-belt force treadmill (ForceLink, Clemborg, The Netherlands) that has two separate belts and an embedded force plate underneath (Fig. 1A) . The speed of each treadmill belt was controlled independently by its own motor. During the experiment, subjects walked on the split-belt force treadmill while the belts' speed could be in one of two conditions, either moved together at similar speeds or moved separately at different speeds. The force plate was located under the split-belt treadmill as validated by Tesio and Rota (2008) .
The protocol applied in the present study was similar to those used in previous studies on locomotion control (Morton and Bastian 2006; Reisman et al. 2005 Reisman et al. , 2007 . The experiment was divided into three phases: baseline, adaptation, and postadaptation (Reisman et al. 2005) . During the baseline phase, subjects walked with both belts at "slow" speed, then at "fast" speed, and finally at "slow" speed for 2 min at each speed. We define "slow" and "fast" speeds to be 0.5 m/s and 1 m/s, respectively. We chose these speed levels for two reasons. First, to compare our kinetic results with previous studies in kinematic adaptation, we chose levels similar to those described previously (Morton and Bastian 2006; Reisman et al. 2005 Reisman et al. , 2007 . Second, the chosen speed levels were within the range of the self-paced walking speed in healthy subjects (Cunningham et al. 1982) . The self-paced speed is known as a natural speed of stable and comfortable walking. During adaptation, subjects walked with the belts of the split-belt force treadmill moving at different speeds for 15 min; the subject's left (nondominant) leg always walked in the slow speed condition, while the right (dominant) leg walked in the fast speed condition. During postadaptation, the belts were set to move together in the slow speed condition (0.5 m/s) for 5 min (Fig. 1B) . The purpose of the initial exposure (baseline periods) was to train subjects for the two levels of speed before the adaptation period and to evaluate the baseline level of GRF for calculating the GRF change acquired in the adaptation period. At the end of each phase, the treadmill stopped completely and a 5-s break was made for resetting the treadmill belt speeds. Subjects were instructed not to look down at the belts during the experiment, and we therefore carefully prevented the use of available visual feedback from the environment regarding the speeds of the belts. (ForceLink) . The system recorded the forces with one-dimensional force sensors from a single large (160 ϫ 800 mm) force plate embedded in the treadmill. Force data were collected at 500 Hz. The system was also able to determine kinematic data and representative gait events such as initial contact (IC), toe-off (TO), and midstance (MS) for each leg independently. (For more details see Roerdink et al. 2008.) We define the coordinates of the split-belt movements as vertical movements in the z-direction, anterior-posterior movements in the y-direction, and lateral movements in the x-direction (Fig. 1A) ; therefore the one-dimensional force sensors recorded only the vertical forces (F z ). COP was measured as the point placement of the vertical GRF vector. It represents a weighted average of the pressures all over the force plate of the area in contact with the ground.
Data analysis. Force data were low-pass filtered at 30 Hz (with a 4th-order Butterworth filter). Our analysis was based on measurement of the vertical GRF profiles that subjects generated during different states of locomotion. Since we were interested in determining whether GRF changes with a predictive feedforward or feedback mechanism, we calculated the GRF in double-limb support as well as in singlelimb support. The forces of each subject were then normalized to his/her own body weight, preventing the effect of the variability of different weights in this measurement. Peaks of vertical GRF during double-limb support and single-limb support-maximum force in double support and minimal force in single support ( Fig. 2A) -were chosen as representative points because of their importance in gait analysis (Cavanagh and Lafortune 1980; Munro et al. 1987) . The peak of the GRF in double-limb support was analyzed as the maximal force point that occurs immediately after left initial contact (LIC) or right initial contact (RIC), whereas the peak of the GRF in single-limb support was analyzed as the minimal force point that occurs imme- diately after right toe-off (RTO) or left toe-off (LTO) (Fig. 2A) . It was previously shown that peaks of the vertical GRF have minimal intraindividual variability and are indicators of weight acceptance and push-up during locomotion (Hesse et al. 1994) . Moreover, one of the long-term aims of the present study is to implement such force analysis in gait research study and clinical gait training for individuals suffering from neurological disorder (e.g., individuals with cerebral palsy). Most of the previous studies with neurologically impaired individuals have found that the peaks of GRF were significantly different from those in healthy subjects and it also correlated with the level of motor impairment (Morita et al. 1995; White et al. 1999) . For all these reasons, we have chosen the peaks of the GRF as representative force points. Figure 2A represents the vertical GRF over time and the gait events for a representative subject during one cycle of walking in the "fast" baseline.
Each gait cycle started at LIC and terminated at the following LIC. Figure 2B represents the COP data for the representative subject at the cycle referred to in Fig. 2A . The COP profile is clearly characterized by a "butterfly" pattern, which assists in the detection of gait events. As can be seen in Fig. 2B , the left single-support phase starts when the right leg is clear of the force plate (RTO) and the left leg remains on the force plate. The COP then progresses backward from the top to the bottom of the butterfly's left wing until the right foot strikes the force plate (RIC). After that, right and left legs are in contact with the force plate and the double-limb support phase starts, the COP progresses diagonally forward to the right wing of the butterfly until the left leg is clear of the force plate (LTO) and the right leg remains on the force plate. The COP then progresses backward from the top to the bottom of the butterfly's right wing until the left foot strikes the force plate (LIC). To summarize, the left and right fore-aft COP segments are essentially the excursion of the foot during left and right single-limb support, respectively, whereas the diagonal COP segments are essentially the excursion of the COP from one side to the other side during double-limb support. COP profiles of each subject were then centered around the origin (x ϭ 0, y ϭ 0).
The double-support period was defined as the period in time when both feet are in contact with the ground (Ayyappa 1997) , namely, the time period between IC of one foot and TO of the other foot. RIC refers to the double-support period when the right foot strikes the ground. LIC refers to the double-support period when the left foot strikes the ground. The single-support period was defined as the period in time when only one foot is in contact with the ground and the second foot is in swing, namely, the period in time between TO of one foot and the subsequent IC of the same foot. Right single support refers to the single-support period when the right foot is in contact with the ground and the left foot is in the swing phase. Similarly, left single support refers to the single-support period when the left foot is in contact with the ground and the right foot is in the swing phase.
Motor adaptation occurs when the brain, in response to the current prediction error, changes the motor commands of the internal model in the subsequent trial (Thoroughman and Shadmehr 2000) . In the present study, we defined the peaks of GRF as the controlled output of the motor system. Since the peaks of GRF changed with walking speed, motor adaptation of the GRF refers to a short-timescale motor learning process that occurs when the brain changes the motor commands according to the current motor error resulting from speed perturbation. Motor error was defined as the discrepancy between expected and actual dynamics of the system. Hence, we measured the "GRF change" as the motor error variable that drives the motor system for adaptation. In each gait cycle, if the expected walking speed is identical to the actual speed, no motor error occurs and the "force change" decreases to zero. The GRF change of each leg in each cycle was calculated as the difference between GRF peak and the average of the GRF peak of the same leg at the same speed in the baseline phase. For example, to quantify the GRF change of the right leg (fast leg) at IC during the adaptation phase, we calculate the difference between the GRF peak after RIC during adaptation and the average of the GRF peak after RIC during fast baseline. Similarly, to quantify the GRF change of the left leg (slow leg) at IC during the adaptation phase, we calculate the difference between the GRF peak after LIC during adaptation and the average of the GRF peak after LIC during the slow baseline. We calculate the adaptation measure for each leg during single-and double-support periods. During adaptation, a zero value of the GRF change indicates full adaptation while a nonzero value indicates an unadapted pattern.
We also measured the difference of GRF between legs as an interlimb "force symmetry" measure (Kim and Eng 2003) . The GRF difference in each cycle was calculated as the difference between the GRF peak of the left leg (slow leg) and the GRF peak of the right leg (fast leg). A zero value of the "GRF difference" indicates force symmetry between legs, while a nonzero value indicates force asymmetry.
To examine adaptation of the COP we introduced a third measure, the COP symmetry, as follows:
COP symmentry ϭ left COP length Ϫ right COP length left COP length ϩ right COP length (1) where left COP length was calculated as the y-distance in the COP profile between consecutive LTO and RIC and right COP length was calculated as the y (anterior-posterior)-distance between consecutive RTO and LIC (Fig. 2C) . The difference in each cycle was then normalized to the sum of the right and left COP lengths. During adaptation, force change, force symmetry, and COP symmetry parameters represent the amount of motor errors in a given cycle. When these parameters are equal to 0 during the adaptation phase, subjects had fully adapted to the external perturbations and few motor errors occurred, while positive or negative values of these parameters indicate that the subject failed to adapt.
A dual-rate exponential function (Smith et al. 2006 ) was fitted to COP symmetry and to force symmetry data points during split-belt adaptation to characterize the adaptation processes that drive the limb kinetic. This model had four free parameters: two gains, A 1 and A 2, and fast and slow time constants, B fast and B slow , respectively:
Where E(n) was the computed limb error on cycle n. COP symmetry and force data were normalized to each max error before curve fitting. The free parameters of this model were fitted with MATLAB software with Curve Fitting Toolbox (The MathWorks, Natick, MA). Statistical analysis. Statistical analysis of the data was performed with MATLAB software with Statistics Toolbox (The MathWorks). To compare the different parts of the experiment, we first calculated the average across subjects of the last five cycles (Choi et al. 2009; Reisman et al. 2005) in each baseline phase (first slow baseline, fast baseline, and second slow baseline, respectively), the average of the first and last five cycles in the adaptation phase (early and late adaptation, respectively), and the average of the first and last five cycles in the postadaptation phase (early and late postadaptation, respectively; Reisman et al. 2005) . We defined baseline slow 1, baseline fast, baseline slow 2, early adaptation, late adaptation, early postadaptation, and late postadaptation blocks as the average of the last five cycles of the first slow baseline, the last five cycles of the fast baseline, the last five cycles of the second slow baseline, the first five cycles of the adaptation phase, the last five cycles of the adaptation phase, the first five cycles of the postadaptation phase, and the last five cycles of the postadaptation phase, respectively. Repeated-measures ANOVA was used to compare testing periods for kinetic parameters. When the ANOVA revealed significant differences, the Bonferroni post hoc test was used to compare testing periods. Significance level was set to 0.05.
RESULTS
We asked subjects to walk on a custom split-belt force treadmill while we implicitly changed the speed of the belts. During the baseline and postadaptation phases the belts moved together at similar speeds, while in the adaptation phase the belts moved separately at different speeds. All subjects completed the walking phases without any declared fatigue.
Feedforward adaptation of forces at initial contact. For all subjects, we found that the maximum GRF at IC for both legs changed gradually during the split-belt adaptation phase and showed significant aftereffects. Figure 3 illustrates the change of the GRF of the right and left legs during the first 600 cycles in adaptation (Fig. 3, A and B, respectively) and the first 150 cycles during postadaptation (Fig. 3, C and D, respectively) . GRF profiles are marked with a color gradient, indicating initial cycle to late cycle. Each trace in Fig. 3 represents the average GRF across all subjects. In all cases, peaks of the GRF at IC are shown as colored points at t ϭ 0.4 s (Fig. 3) . In early adaptation, the GRF of the right leg at IC started with low values compared with the baseline phase. However, with time these forces increased slowly to achieve a plateau (Fig. 3A) . In contrast, the GRF of the left leg at IC started with high values and with practice the forces diminished to a steady-state value (Fig. 3B) . Interestingly, we showed the reverse pattern during postadaptation for both legs (Fig. 3, C and D, for right and left legs, respectively). To quantify the motor adaptation of each leg and establish whether an "aftereffect" had occurred, we measured the change of the GRF produced in each cycle. The GRF change of each leg in each cycle was calculated as the difference between the GRF and the average of the GRF of the same leg at the same speed in the baseline phase. Figure 4A shows the average GRF change across subjects of the right leg during baseline, adaptation, and postadaptation. During early adaptation, there was a negative value of GRF change such that the right leg produced lower forces than it produced previously in the fast baseline. This negative value of GRF change increased slowly throughout the adaptation phase. Importantly, in early postadaptation phase, there was a clear motor aftereffect such that the right leg produced higher forces than it produced in the second slow baseline. This reverse pattern gradually returned to slow baseline values. Figure 4B shows the average GRF change of the left leg during the different phases of the experiment. We found a similar pattern of adaptation and aftereffect in the left leg forces. However, during early adaptation, there was a positive value of GRF change such that the left leg produced higher forces than it produced previously in the second slow baseline. This positive value decreased slowly through the adaptation phase. In early postadaptation, the left leg also showed an aftereffect, such that the left leg produced lower forces than it produced in the second slow baseline. In late postadaptation, the GRF change gradually achieved a pattern similar to baseline. Figure 4 , C and D, show the "force change" at IC averaged over the five cycles taken from each phase (for right and left legs, respectively). In both legs, a repeatedmeasures ANOVA showed a significant effect of force change during the different experiment phases [F(6,49) ϭ 76.93, P Ͻ Fig. 3 . GRF during adaptation and postadaptation. Each profile represents the average GRF across all subjects. GRF profiles are marked with a color gradient ranging from blue to green, indicating initial cycle to late cycle, respectively. A: average GRF of the RIC during the first 600 cycles in adaptation. B: average GRF across subjects of the LIC during the first 600 cycles in adaptation. C: average GRF across subjects of the RIC during the first 150 cycles in postadaptation. D: average GRF across subjects of the LIC during the first 150 cycles in postadaptation. In all cases, the peaks of the GRF at ICs are shown as colored points at t ϭ 0.4 s. 0.0001 and F(6,49) ϭ 48.04, P Ͻ 0.0001 for right and left legs, respectively]. Bonferroni's post hoc analysis indicated that subjects changed the GRF from both slow baseline phases to early adaptation (P Ͻ 0.0001), adapted to speed perturbation and reduced the absolute GRF change from the early adaptation to late adaptation phase (P Ͻ 0.0001), and showed a significant motor aftereffect in early postadaptation (P Ͻ 0.001). Figure 4E shows group data for the force symmetry at IC between left and right legs. There was a significant main effect of force symmetry during the different phases [F(6,49) ϭ 51.98, P Ͻ 0.0001]. Bonferroni's post hoc analysis indicated that subjects changed the GRF between legs at double support from both of the slow baseline phases to the early adaptation (P Ͻ 0.0001), adapted to speed perturbation and showed significant change from early adaptation to late adaptation phase (P Ͻ 0.0001), and showed significant aftereffect (baseline vs. early postadaptation phases; P Ͻ 0.0001). These observations of gradual adaptation and aftereffects of learning clearly indicate the generation of internal models in a feedforward control scheme.
Feedback control of forces at single support.
For all subjects, we found that the minimum GRF at single supportdefined as the time period when only one foot is in contact with the ground and the second foot is in swing-for both legs changed immediately in early adaptation and showed little change during adaptation. In early postadaptation phase, there was no significant aftereffect (Fig. 5, A and B) . Figure 5C shows group data for the difference of the GRF at single support between left and right legs. There was a significant main effect of force change during the different phases [F(6,39) ϭ 10.99, P Ͻ 0.0001]. Bonferroni's post hoc analysis indicated that subjects changed the GRF between legs at single support from both slow baseline phases to early adaptation (P Ͻ 0.0001). However, the GRF between legs did not adapt to speed perturbation and showed very little change from early adaptation to late adaptation phase (P Ͼ 0.9) and from baseline phase to early postadaptation phase (P Ͼ 0.25). During singlelimb support, both the immediate change of the GRF in early adaptation and the absence of the motor aftereffect in early postadaptation support feedback control mechanism. Fig. 4 . Feedforward adaptation of the GRF at IC. A: GRF change of the RIC across testing periods (3 baselines, adaptation, and postadaptation). Solid blue line is mean GRF change across subjects, and shaded area is SDs. B: GRF change of the LIC across testing periods (3 baselines, adaptation, and postadaptation). Similarly, solid blue line is mean GRF change across subjects and shaded area is SDs. C and D: group data analysis of the average "GRF change" of RIC (C) and LIC (D). Each data point represents the average over 5 cycles from the early or late portions of each testing phase for each subject individually and then averaged across all subjects in the group. BS1, BF, BS2, EA, LA, EPA, and LPA blocks represent the average of the last 5 cycles in the 1st slow baseline phase, last 5 cycles in the fast baseline phase, last 5 cycles in the 2nd slow baseline phase, first 5 cycles in the adaptation phase, last 5 cycles in the adaptation phase, first 5 cycles in the postadaptation phase, and last 5 cycles in the postadaptation phase, respectively. Red data points represent average value of the force change in early adaptation, and blue data points represent average value of the force change in early postadaptation. Error bars indicate SDs. E: group data of the force symmetry at IC between left and right leg averaged over the 5 cycles taken from each phase. ***Significance level of P Ͻ 0.0001. Figure 6A shows the COP profiles of the first 50 cycles for a representative subject. During the two slow and fast baseline phases, the COP butterfly patterns were symmetric around the origin point (0, 0) with similar wing length on the right and left sides of the COP. Right and left wing lengths of the COP butterfly were greater in fast baseline than in the two slow baselines. However, during the adaptation phase the COP butterfly patterns became asymmetric: the right wing was longer than the left wing. During postadaptation, we observed a clear aftereffect in the COP profile. The COP butterfly patterns reversed the asymmetry around the origin point (0, 0) compared with the COP profiles during the adaptation phase. COP profiles of the first 50 cycles are marked with a color gradient ranging from light blue to dark blue in Fig. 6A , indicating initial cycle to late cycle, respectively. During early adaptation, the distance between RIC and LTO is less than the distance between LIC and RTO. Figure 6B shows the average "COP symmetry" across subjects during baseline, adaptation, and postadaptation phases. During the baseline phases, COP symmetry values were close to zero, indicating a symmetric pattern of locomotion. However, during early adaptation, there was a negative value of COP symmetry indicating that the left COP length was less than the right COP length. This negative value of the COP symmetry increased slowly throughout the adaptation phase. In the early postadaptation phase, there was a clear positive motor aftereffect of the COP pattern: the left COP length was greater than the right COP length. This reverse pattern gradually Fig. 5 . Feedback adaptation of the GRF at single support. A: right leg GRF change at single support across testing periods (3 baselines, adaptation and postadaptation). Solid blue line is the average GRF change across subjects, and shaded area is SDs. B: left leg GRF change at single support across testing periods (3 baselines, adaptation and postadaptation). Similarly, solid blue line is the average GRF change across subjects and shaded area is SDs. C: group data of the force difference at single support between left and right legs. Each data point represents the average over 5 cycles from the early or late portions of each testing phase for each subject individually and then averaged across all subjects in the group. Error bars indicate SDs. ns, Not statistically significant. Fig. 6 . Feedforward adaptation of the COP. A: COP profiles of the first 50 cycles for a representative subject during 2 slow baselines, fast baseline, adaptation, and postadaptation periods. COP profiles are marked with a color gradient ranging from light blue to dark blue, indicating initial cycle to late cycles, respectively. B: COP symmetry measurement across testing periods. Solid blue line is the average COP symmetry across subjects, and dashed area is SDs. C: group data analysis of the COP. Each data point represents the average over 5 cycles from the early or late portions of each testing phase for each subject individually and then averaged across all subjects in the group. Error bars indicate SDs. ***Significance level of P Ͻ 0.0001. returned to zero value as baseline values. Figure 6C shows group data for the COP slope. There was a significant main effect during the different phases [F(6,49) ϭ 115.4, P Ͻ 0.0001]. Bonferroni's post hoc analysis indicated that COP symmetry changed between the two slow baseline phases to the early adaptation phase (P Ͻ 0.0001). The COP symmetry adapted to speed perturbation and showed significant change from early adaptation to late adaptation phase (P Ͻ 0.0001) and showed significant motor aftereffect (2 baselines vs. early postadaptation phase; P Ͻ 0.0001).
Feedforward adaptation of COP.
Two timescales in locomotor adaptation. We fitted the dual-rate exponential function (adaptation curve) with fast and slow time constants to COP and force symmetry (data not shown) data points during adaptation. Figure 7A shows the net adaptation curve fit to the average COP symmetry across subjects, the fast process, and the slow process. Accuracy of fit was quantified by measuring the coefficient of determination R 2 . We found that both curves fitted the data well (R 2 ϭ 0.81 and 0.63 for COP and force symmetry, respectively). Group results from analysis of the fast and slow time constants revealed that the two rates of the COP symmetry adaptation curve are similar to the adaptation rates of the force symmetry (Fig. 7B) . Difference between COP and force symmetry did not reach statistical significance for the fast process [2-tailed t-test, t(18) ϭ 0.73, P ϭ 0.48] or for the slow process [2-tailed t-test, t(18) ϭ 1.1, P ϭ 0.29]. Note that the comparison of the time course was between COP symmetry ( Fig. 6B ) and force symmetry (difference between Fig. 4A and Fig. 4B ).
DISCUSSION
We report here three main findings. First, both the GRF at IC parameter and the COP parameter were stored, changed slowly during adaptation, and presented a robust aftereffect during postadaptation, suggesting feedforward adaptive control of these parameters. Second, GRF at single support reacted immediately to speed perturbation during split-belt adaptation and did not show any aftereffect in postadaptation, suggesting feedback rather than adaptive control of this parameter. Third, the locomotor adaptation is characterized by two timescales.
Kinetics vs. kinematics adaptation. Previous studies have
shown that the central nervous system (CNS) stores a new pattern of the interlimb spatial and temporal locomotor parameters (Reisman et al. 2005) . They used a split-belt treadmill to perturb the locomotor pattern and found that step length and double-support time as interlimb measures were controlled by a feedforward predictive controller and verified this by observing the presence of aftereffects when the perturbation was removed. However, the stride length and the single-support time as intralimb measures adapted immediately, and they suggested that these parameters were controlled by a feedback reactive controller. Our kinetic results are consistent with kinematic results shown previously by Reisman et al. (2005) . We found here that the peak of GRF of each leg in the single-support period reacts quickly to speed perturbations and is controlled by feedback mechanism. Markedly, we found that the peak of GRF of each leg at foot contact was stored and controlled by predictive feedforward control. We show here that there is a difference between the force adaptation at singleand double-support periods during adaptation to a split-belt force treadmill. These results suggest independent adaptation processes of single-support and double-support forces.
During the swing phase, walking speed cannot be estimated under pure feedback control because of the absence of leg contact, since biological feedback loops need sensory information from the environment. In this phase, a feedforward control scheme, as suggested in studies related to reaching movements (Kawato 1999; Wolpert et al. 1998) , must be dominant. In such feedforward control, during motor adaptation the CNS acquires an inverse dynamics model of the external perturbation to minimize the expected motor error. Since the IC is defined as a fast event (approximately the first 100 ms) in the double-limb support phase and is linked to the second phase of swing (Halbertsma 1983) , the GRF cannot be executed under feedback control and the CNS must predict the GRF via composition of an internal model of the imposed walking speed by using adaptive feedforward control. One way to verify the created internal model is the presence of motor aftereffect, when the internal model does not fit the external perturbation or lack of perturbation (Shadmehr and Mussa-Ivaldi 1994) . In our experiment aftereffects are observed when the speed perturbation is unexpectedly removed (Fig. 4 and Fig. 6 ). Conversely, the motor system received direct sensory information about the speed of walking with sensory feedback mechanism in the stance phase (single-limb support), and in this phase no aftereffects were observed. Fig. 7 . Dual-rate adaptation curve. A: normalized COP symmetry during the adaptation phase and the model fit. Light blue data points are mean COP symmetry across subjects from the adaptation phase, and the dark blue curve is the fit for the dual-rate model. Dashed red and green lines are the fast and slow exponent functions, respectively. B, left: the model's slow time constant averaged across subjects. Right: the model's fast time constant averaged across subjects. Gray and black bars represent COP and force data points, respectively. Error bars indicate SEs.
It is important to note that we defined the change of the GRF as the motor error that drives motor adaptation during locomotion. Another study has also suggested that kinetic error (e.g., joint moments) drives the locomotor adaptation during walking with a robotic exoskeleton device (Kao et al. 2010 ). However, it is possible to think of the motor adaptation process driven by kinematic motor error. For example, Reisman et al. (2005) proposed that sensory kinematic error (e.g., step symmetry) drives locomotor adaptation during walking on a splitbelt treadmill. The present study cannot dissociate a causal relationship between kinetic (e.g., force) and kinematic (e.g., position) control as well as distinguish between possible distinct adaptation processes. Therefore, our force-dependent adaptation process can be modeled and replaced effectively by a position-dependent adaptation process. Further studies are needed to provide more insight into the nature of the errordependent process driving motor adaptation in locomotion.
Locomotor adaptation and central pattern generators. Our findings are consistent with the suggestion that locomotion is based on central pattern generators (CPGs), defined as neural networks capable of producing coordinated patterns of rhythmic activity (Grillner et al. 1998) . During normal locomotion, the cycle period varies as a function of the stance phase while the swing phase remains relatively invariant, a basic feature of the spinal CPG (Goslow et al. 2005; Grillner et al. 1979 Grillner et al. , 1998 . Swing has a fixed duration, regardless of speed of locomotion, because it is controlled only by a motor program, while the stance phase is of variable duration depending on speed and is regulated by sensory feedback. IC is defined as the very short event when the foot touches the ground and is linked to the second phase of swing in which the knee and ankle start to extend in preparation for IC. One of the most important events in walking is the foot touchdown, i.e., the end of the swing extension phase (Halbertsma 1983) . The proper control of this event is important for ensuring proper foot positioning for accepting weight and providing a stable support at IC. This short phase appears to be controlled by a motor program that aims to preset a mechanical condition of the lower extremity leading to the maintenance of an extended configuration of the main body segments in preparation for impact with the ground (Crenna et al. 2001 ). Our results demonstrate robust aftereffect during postadaptation at IC and strengthen the affiliation of the IC to the swing phase as part of a motor program, while the absence of aftereffects at single support endorses the general agreement that the interaction of the foot with the environment is regulated by sensory inputs.
Balance, stability, and COP. COP has been used as an index to calculate the balance of individuals. It reflects balance and the effect of different treatment modalities on the lower limb (Sakaguchi et al. 1994) . Several studies have used COP analysis to demonstrate increased postural sway during quiet standing and its association with elevated fall risk in older adults (Maki et al. 1994; Melzer et al. 2001) . Other studies showed the influence of different training programs in improving balance and reducing the COP sway area in chronic stroke patients and the elderly (Hass et al. 2004; Tsaklis et al. 2012) . Adaptation of the COP during locomotion might be critical for body stability. In the present study, modification of COP profiles was clearly shown in early adaptation. In this phase, the distance between RIC and LTO is shorter than the distance between LIC and RTO (Fig. 6) . The conventional claim has been that COP symmetry improves stability and that COP asymmetry is a marker of pathology and reduced balance (Nichols 1997; Woollacott and Shumway-Cook 2005) . This claim was based on force plates that measure postural sway (stability in standing) and symmetry in standing: symmetry measures reflect the amount of weight on each foot or the distance of the COP away from the midline. In previous research, COP has been used as a good index to calculate the balance of individuals in standing (Karlsson and Frykberg 2000; Önell 2000) . Additionally, walking is a dynamic rhythmic activity, in which the step-by-step stability may be quite different from posture. This may therefore dictate differences in active control as well as how sensory information is integrated and used for step-by-step stabilization. Walking rhythmically places the body center of mass beyond the base of support, interpreted previously as "controlled falling" (Perry and Davids 1992) . Furthermore, the development of treadmills with embedded force plates opens the way to direct analysis of GRF and COP during walking. Understanding COP dynamics in normal gait is intuitively helpful in understanding several capabilities such as muscular coordination, balance, strength and joint kinematics (Winter 1991) . A recent study has examined the role of vision in the control of balance during walking, using COP variability as an indicator of the degree of integrative control during both walking and standing (O'Connor and Kuo 2009 ). An understanding of how the COP motion is generated and controlled continuously during locomotion may contribute to an understanding of pathologies. For example, Jamshidi et al. (2010) concluded in their studies that the excessive difference in anterior-posterior COP trajectory between a normal and a drop foot subject during gait may lead to a loss of balance. Taken together these results suggest that COP measurement during walking and standing is essential for understanding gait stability and might be used for further understanding of walking performance in persons suffering from neurological disorders. Therefore, it is possible that stability criteria may lead to optimizing force symmetry and COP symmetry measurements during locomotor adaptation.
Dual rate in locomotor adaptation. Recent studies in hand motor control have suggested that the adaptation process can be modeled by a dual-rate adaptive model (Lee and Schweighofer 2009; Smith et al. 2006) . This model was suggested to explain the trial-by-trial adaptation of motor errors. This dual-rate model suggests that the net adaptation is a result of summing slow and fast exponential adaptation processes. In our study, we used this two-rate exponential function to model the kinetic errors (COP and force symmetry). Here we show that the dual-state adaptation process can properly account for the motor errors in adaptation to a split-belt treadmill (Fig. 7A) . We found that the force adaptation and COP adaptation curves behaved similarly and had similar time constants (Fig. 7B) . The suggested multiple-timescale adaptive process during split-belt locomotor adaptation might explain the nature of motor memory in learning and forgetting such novel motor tasks. It was suggested that learning new motor tasks involves a fast process that reacts rapidly to motor error but has weak memory retention, together with a slow process that reacts slowly to motor error but significantly exhibits strong retention (Shadmehr and Mussa-Ivaldi 2012; Smith et al. 2006) . Although the present study did not examine memory saving in a readaptation after deadaptation paradigm, the suggested dual-state model is sufficiently able to account for the trial-by-trial errors that drive the adaptive response to a split-belt treadmill observed in our study. Memory retention and saving during locomotor adaptation have been recently studied with the split-belt treadmill system (Malone et al. 2011) . In this study, Malone et al. (2011) found that different adaptation structures significantly affect the retention of the motor memory during readaptation on the subsequent day. They observed faster relearning (i.e., memory saving) on the second day when subjects adapted and deadapted several times on the first day. The suggested dual-rate adaptive model properly explains these results. The basic idea of the dual-rate model is that removal (e.g., absence of external perturbation during the time period between the 2 days) or reversal (e.g., opposing perturbation during the first day) of the perturbation may return motor behavior to baseline, but not by completely erasing memories of what it has learned. Although it appears that the dual-rate model successfully accounts for locomotion data, further behavioral and neuroimaging studies are needed to better investigate the suitability of the dual-rate model for accounting for memory saving while relearning novel locomotor tasks. Understanding the adaptive processes during different locomotor adaptation will give us fundamental insights into understanding motor memory formation during locomotion. Moreover, our findings are consistent with previous studies and support the multiple-timescale model that drives motor adaptation while learning novel motor tasks (Hatada et al. 2006; Kojima et al. 2004; Smith et al. 2006) . Furthermore, this dual-rate adaptation process is consistent with previous cerebellum studies that support the findings of motor learning and provide evidence of the neural basis of the fast and slow processes (Medina et al. 2001; Ohyama and Mauk 2001) .
Neural basis of locomotor adaptation. Several studies have suggested that the cerebellum plays a key role in feedforward adaptation to a novel environment, and it was suggested that the cerebellum used sensory prediction errors to change a forward model (Kawato et al. 2003; Morton and Bastian 2006; Tseng et al. 2007; Wolpert et al. 1998) . Studies in cerebellar damage confirmed this interpretation. Smith and Shadmehr (2005) asked patients with cerebellar damage to make reaching movements while a manipulandum robot applied velocitydependent force perturbations to their hands. They found that cerebellar patients are impaired in their predictive adaptation. Similar adaptation studies have been done for lower limb movements. Recent studies of neural control of locomotion using a split-belt treadmill suggest that damage in the cerebellum area would significantly affect the adaptation of the limb coordination (Morton and Bastian 2006) . The finding of this study was supported by previous neurophysiological work conducted in cats in which the locomotor adaptation was interfered with by intentional damage of the cat's cerebellum (Yanagihara and Kondo 1996) . Furthermore, the involvement of the cerebellum in locomotor adaptation has been shown in various experiments conducted predominantly in cerebellar patients (Ilg et al. 2007 (Ilg et al. , 2008 Bastian 2004, 2006) . Additionally, a recent study using the split-belt treadmill tool has indicated that independent functional networks control the two directions of walking (i.e., forward and backward walking). They postulated that the cerebellum is involved in such distinct neural networks (Choi et al. 2009 ). Many other works have suggested that the cerebellum is the anatomical site for the formation of internal models as well as the site involved in predictive motor memory storage (Atkeson 1989; Diedrichsen et al. 2005; Kawato et al. 1987; Tseng et al. 2007) . To conclude, all these works make the cerebellum the strong candidate responsible for motor adaptation during locomotion in general and during split-belt locomotion in particular. However, involvement of cortical and subcortical areas as well as interactions between the cerebellum and these areas should not be entirely ignored (Stubbs and Gervasio 2012) . Therefore, the contribution of the cerebellum and the cerebral cortex to the adaptive change of the GRF during locomotor adaptation is still unclear, and the exact role of the cerebellum and cerebral cortex in GRF adaptation might be better understood by testing adaptation to a split-belt force treadmill with patients suffering from cerebellar and cerebral damage or by applying TMS over different brain areas.
In conclusion, the main results of the present study reveal that during adaptation to the split-belt force treadmill subjects altered the interlimb GRF slowly, using feedforward predictive control and showing robust aftereffects during early postadaptation. However, subjects altered the intralimb GRF rapidly, using feedback control, and showed no aftereffect. The COP profile gradually changed during adaptation and showed significant aftereffect during early postadaptation. Finally, the locomotor adaptation process can be modeled by a dual-rate adaptive model. Future studies of GRF and COP during adaptation to the split-belt force treadmill are required to better understand the neural control of locomotion and to provide new rehabilitation procedures such as reducing the chance of fall in the elderly population and enhancing adaptation in cerebellar and cerebral patients. 
